Hydroxyapatite (HA) can be used for removing F ¹ . Materials containing HA for removing F ¹ can be obtained from biological wastes, and these HA might contain carbonate ions. The dissolution behavior of HA should affect the F ¹ removal as fluorapatite (FA) formation at HA surface by the dissolution of HA and subsequent precipitation of FA results in the removal of F ¹ . In this study, we examined the relationship between the dissolution and F ¹ removal rates of carbonated HA (CHA). CHA samples with different carbonate contents were prepared by a hydrothermal process. The dissolution and F ¹ removal rates were investigated by immersing the samples in pH 5 and 7 buffer solutions in the absence and presence of F ¹ , respectively. The dissolution and F ¹ removal rates were increased with an increase of carbonate-ion content in the samples. Dissolution and F ¹ removal rates at pH 5 were larger than that at pH 7. The pseudo-second order kinetic model provides a good fit for the F ¹ removal process. An increase in the kinetic constant of dissolution decreases the kinetic constant of the F ¹ removal process for samples with high carbonate contents at pH 5.
Introduction
Water is essential for our lives and it is important to maintain the quality of drinking water without the presence of harmful matters. Fluoride ion (F ¹ ) is one of the contaminants to be removed since ingestion of water with high F ¹ concentrations can cause dental and skeletal disorders. 1)4) Although the World Health Organization (WHO) has recommended F ¹ levels of less than 1.5 mg·dm
¹3
in drinking water, 5), 6) water in many areas around the world exceeds this level.
5),7), 8) Hence, a relatively inexpensive material for removing F ¹ from water should be prepared. 6 ) Hydroxyapatite (HA) can be used for removing F ¹ effectively from water to achieve F ¹ levels of less than 1.5 mg·dm
. 7),9),10) Materials containing HA can be synthesized from biological waste materials such as bones, 10) 12) seashells, 13)15) coral, 16) and egg-shells. 17) HA has a composition of Ca 10 (PO 4 ) 6 (OH) 2 and it can form solid solutions with various ions. HA derived from biological waste materials might contain 28 mass % of carbonate ions (carbonated HA; CHA). 18) However, effects of carbonate inclusion on the F ¹ removal ability of HA have not been previously investigated. Hence, it is important to study the effects of CO 3 2¹ present in HA on the removal of F ¹ in order to fabricate effective F ¹ removal materials.
Three different mechanisms have been reported for the removal of F ¹ , namely, surface adsorption, 19) substitution in the HA crystal lattice, 20) and dissolution of HA and precipitation of fluorapatite (FA). 21) FA is formed when OH ¹ ions in HA are substituted with F ¹ ions. Sternitzke et al. reported that the removal of F ¹ occurs via the formation of FA at the HA surface, resulting in the formation of FA layer of few nanometers in thickness on the surface of HA. 9) Considering the report on the formation of FA layer with thicknesses larger than a, c-lattice constant values of HA, 22) the mechanism of "dissolution of HA and precipitation of FA" is considered to be the dominant factor in the removal of F ¹ . According to this mechanism, mainly the dissolution rate of HA contributes to the F ¹ removal process. The dissolution rate of CHA was found to be larger than that of pure HA under physiological conditions by several researchers. 23 ),24) Moreover, the dissolution rate of CHA increases with a decrease in the pH of the solution. 23) In the present study, we focus on the effect of CO 3 2¹ inclusion on dissolution and F ¹ removal rates of HA under different pH conditions. CHA particles were synthesized by a hydrothermal process to investigate their dissolution and F ¹ removal rates. F ¹ removal rates of samples are discussed with respect to their dissolution rate.
Experimental

Preparation of CHA samples
CHA particles were prepared according to a previously reported hydrothermal method, 25) Crystalline phases of the samples were characterized by X-ray diffraction (XRD, RINT2200VL; Rigaku, Tokyo, Japan) using Cu K¡ radiation. Fourier transform infrared spectroscopy (FTIR, FT/IR-6200; JASCO, Tokyo, Japan) was employed for the chemical structure analysis of the samples in the form using the KBr pellet method. Morphology of the samples was examined using scanning transmission electron microscopy (STEM, SU8000; Hitachi, Tokyo, Japan). Samples were dispersed in ethanol and the suspension was dropped on a micro-grid (NP-C15; Okenshoji, Tokyo, Japan) for STEM measurements. CO 3 2¹ contents in the samples were calculated from carbon (C) contents (mass %) measured using a CHNS/O element analyzer (2400 Series II CHNS/O Analyzer; PerkinElmer, Waltham, MA, USA). Assuming that the C content measured by the CHN analysis is solely from the CO 3 2¹ in HA, CO 3 2¹ content (mass %) in the samples can be calculated using the following formula (1):
2À contentÞ ¼ ðC contentÞ Â ðIon formula weight of CO 3 2À Þ ðAtomic weight of CÞ ð1Þ
The specific surface area of the samples was measured by Brunauer-Emmett-Teller (BET) method with an Autosorb-iQ ASIQM0000-3 (Quantachrome Instruments, Florida, USA) using N 2 gas.
Dissolution test
The dissolution rate of the samples was evaluated as follows. An acetate buffer solution with a pH of 5 and a 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) buffer solution with a pH of 7 were used for the dissolution test. The acetate buffer solution was prepared by mixing 0.10 mol·dm ¹3 acetic acid and 0.10 mol·dm ¹3 sodium acetate solutions. HEPES buffer solution was prepared by mixing 0.10 mol·dm ¹3 HEPES and 0.10 mol·dm ¹3 sodium hydroxide solutions. Acetic acid, sodium acetate trihydrate, and sodium hydroxide were purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. HEPES was purchased from Dojindo Laboratories, Ltd., Kumamoto, Japan. Samples with a surface area of 5 m 2 were immersed in 15 cm 3 of acetate or HEPES buffer solutions. The mixture was shaken at 125 rpm at 30°C. After 15, 60, 360, and 720 min of shaking, the supernatant solution was collected by centrifugation. The pH of the solution was measured using a pH electrode (9631-10D, Horiba, Ltd., Kyoto, Japan). Then, 2 cm 3 of 0.80 mol·dm
¹3
potassium chloride solution was added to 14 cm 3 of the supernatant solution, and calcium ion (Ca 2+ ) concentration in the solution was measured using a Ca 2+ selective electrode (6583-10C, Horiba, Ltd., Kyoto, Japan). The dissolution tests were repeated three times for each sample. Potassium chloride was purchased from Nacalai Tesque, Inc., Kyoto, Japan.
F
− removal test Figure 1 shows the XRD patterns of the samples. Only diffraction peaks corresponding to HA (PDF#89-6439) were observed in the XRD pattern of all the samples.
Results
Characterization of the samples
FTIR spectra of the samples are shown in Fig. 2 . The absorption peaks observed at 570, 600, 960, 1050, and 1100 cm ¹1 in Fig. 2 (a) could be assigned to phosphate ions (PO 4 3¹ ) in HA and for HA_C1 and HA_C4, indicating that both the samples were of AB-type CHA. 22) STEM images of the sample surfaces are shown in Fig. 3 . Particles in HA_C0 exhibit a seed-like morphology, whereas seed-like and spherical particles were present in HA_C1. HA_C4 mostly consists of spherical particles. Spherical particles in HA_C1 and HA_C4 are found to be smaller than the seed-like particles in HA_C0. Morphology of the particles changes from seed-like to spherical with an increase in the concentration of NH 4 HCO 3 added during the synthesis. Table 1 shows the content of carbonate present in the sample and the specific surface area of the samples. The content of carbonate ions in HA_C0, HA_C1, and HA_C4 are found to be 1.9, 4.6, and 5.0 mass %, respectively. Carbonate content in the samples increases with an increase in the concentration of CO 3 2¹ added during the synthesis. The specific surface areas of the samples determined by the N 2 -BET method are found to be in the order of HA_C0 < HA_C1 < HA_C4. The specific surface area increased with an increase in the concentration of the NH 4 HCO 3 solution added during the synthesis. 2+ concentration in the pH 5 buffer solution is found to be larger than that in the pH 7 buffer. In addition, the increase in Ca 2+ concentration in the case of samples synthesized in the presence of NH 4 HCO 3 is found to be larger than that of the samples synthesized without using NH 4 HCO 3 .
Dissolution test
F
− removal test Figure 5 indicates the changes in F ¹ concentrations during the F ¹ removal test. The error bar corresponds to the standard deviation of the measured values. A decrease in the concentration of F ¹ with time is observed in all cases. The pH of the solutions remained almost constant during the F ¹ removal test (data is not shown). Decrease in the concentration of F ¹ in the solutions could be attributed to the increase of the amount of F ¹ removed by the HA samples. The amount of F ¹ removed by the samples in the pH 5 buffer solutions is found to be larger than that by the samples immersed in the pH 7 buffer solutions. In acidic conditions, higher amounts of F ¹ were removed by HA_C1 and HA_C4 compared to HA_C0. However, similar amounts F ¹ were removed by the three samples in neutral pH conditions. Journal of the Ceramic Society of Japan 124 [12] 1211-1216 2016 the content of carbonate ions in the product increased only from 4.6 to 5.0 mass %. This could be attributed to the substitution limit under current synthesis conditions. The size of the particles in HA_C1 becomes smaller on the addition of carbonate ions (as compared to HA_C0) and the particle morphology changes from seed-like to spherical. A similar tendency has been reported previously.
Discussion
25),27)
Kinetic parameters of the dissolution and F ¹ removal were determined in order to investigate the relationship between the dissolution of HA and the F ¹ removal by HA. Kinetic analyses were performed for the dissolution test (Fig. 4) and the F ¹ removal test (Fig. 5) .
We assume that dissolution of HA occurs via a diffusion controlled process and the surface area of the sample remains intact during the dissolution test. Noyes-Whitney model 32) was applied for describing the dissolution process (Fig. 4) , which could be represented as:
Equation (2) can be rearranged as follows:
where
) is the concentration of Ca 2+ at time t (min), k (Ca) (min ¹1 ) is the dissolution kinetic constant, and C S(Ca) (mg·dm ¹3 ) is the concentration of Ca 2+ at equilibrium. Figure 6 shows the kinetic data that was fitted with the Noyes-Whitney model. C S(Ca) and k (Ca) values obtained from the Noyes-Whitney fit (Fig. 6 ) are shown in Table 2 . The initial dissolution rate of Ca
), calculated from Eq. (2) is also given in Table 2 .
In order to investigate the mechanism of F ¹ removal by HA, a pseudo-second order kinetic model was considered. 1),7),33), 34) The pseudo-second order kinetic model can be expressed as:
The Eq. (4) Figure 7 shows the kinetic data of the F ¹ removal test that was fitted with the pseudo-second order kinetic model, which provides a good fit, in consistent with the previously reported results.
1),7),33),34) The pseudo-second order kinetic model . Plot for the pseudo-second order reaction rate. t is time, q t(F) is removal amount of F ¹ , q e(F) is equilibrium removal amount of F ¹ , and k (F) is kinetic constant of pseudo-second order kinetic model. has been applied in the case of chemical adsorption. 35) Calculated values of q e(F) and k (F) from the plots of t versus t·q e(F)
¹1
( Fig. 7) are shown in Table 3 . The initial F ¹ removal rate (t = 0),
), calculated from Eq. (4) is also given in Table 3 .
We examined the relationship between the kinetic parameters of F ¹ removal by HA and the dissolution of HA. Figure 8 illustrates the relationship between the amount of F ¹ removed at equilibrium (q e(F) ) and the concentration of Ca 2+ at equilibrium (Cs (Ca) ). The q e(F) value increases with an increase in Cs (Ca) . We assume that the F ¹ removal capacity increases with an increase in the solubility of HA since high solubility can cause a large amount of Ca 2+ and PO 4 3¹ to be used in the formation of FA. Figure 9 illustrates the relationship between the kinetic constant of F ¹ removal process (k (F) ) and that of the dissolution process (k (Ca) ). The kinetic constant, k (F) does not vary much in the pH 7 buffer solutions, whereas it decreases with an increase in k (Ca) in the pH 5 buffer solution. However, the F ¹ removal and dissolution rates depend not only on the kinetic constants but also on the equilibrium concentrations. Therefore, the initial rate of F ¹ removal (v 0(F) ) and that of dissolution (v 0(Ca) ) were calculated assuming time, t = 0. Figure 10 illustrates the relationship between v 0(F) and v 0(Ca) . The value of v 0(F) increases with an increase in v 0(Ca) values in pH 7 buffer solutions, while v 0(F) decreases with an increase in v 0(Ca) in pH 5 buffer solutions. The initial rate of F ¹ removal increases with an increase in the initial dissolution rate at low dissolution rate values, but it decreases with an increase in the initial dissolution rate at high dissolution rate values.
As the solubility product of FA [Ksp = 10
; which is given as the ion product of the Ca 10 (PO 4 ) 6 . The equilibrium condition is assumed to achieve when FA or F ¹ -substituted HA covers the HA surface. Assuming that all of the F ¹ ions removed are used in the formation of homogeneous FA layer on the surface of HA_C1 particles at pH 5, the thickness of the FA layer can be calculated to be about 0.6 nm, which is lower than the a, clattice constant of FA. This implies that the monolayer formation of FA does not occur and F ¹ only partially substitute the OH ¹ . The dissolution kinetic constants for HA_C1 and HA_C4 at pH 5 are found to be larger compared with the other conditions; however, their kinetic constants in the F ¹ removal process are found to be smaller (Fig. 9) . This indicates that the formation of F ¹ -substituted HA reaches the equilibrium more slowly at high dissolution kinetic constant values compared to that at low dissolution kinetic constant values. More information can be obtained from Fig. 10 . When the initial dissolution rate is relatively low [HA_C0 (pH 5), HA_C0 (pH 7), HA_C1 (pH 7) and HA_C4 (pH 7)], the rate of supply of Ca 2+ and phosphate ions (PO 4 3¹ ) into the solution increases with an increase in the initial dissolution rate of HA. Thus, the rate of F ¹ -substituted HA formation also increases with an increase in the dissolution rate of HA. On the other hand, when the initial dissolution rate is high as Fig. 8 . Relationship between the amount of F ¹ removed at equilibrium (q e(F) ) and equilibrium concentration of Ca 2+ (C S(Ca) ). We expected that the particle size should have been changed when "dissolution of HA and precipitation of FA" occurred. HA_C1 particles after the F ¹ test (pH 5, 720 min) were observed by STEM, and the sizes of the long and short axes of the HA_C1 particles were measured from the STEM images. The sizes of the long and short axes of the HA_C1 particles before the F ¹ removal test were 47 « 15 and 30 « 7 nm, respectively, and those of the HA_C1 particles after the F ¹ removal test were 50 « 19 and 31 « 7 nm, respectively. The tendency that the size of the CHA particles slightly increased after the F ¹ removal test was observed. It is considered that the size of the CHA particles increased after the F ¹ removal test because HA was dissolved and F ¹ -substituted HA was formed on the other HA particles or another site on the same HA particle. The changes in particle sizes would support the mechanism of "dissolution of HA and precipitation of FA" in the removal of F ¹ by HA. We have discussed the process of F ¹ removal by CHA samples with different carbonate contents in relation to their dissolution rate. However, two other mechanisms, namely, surface adsorption 19) and substitution in the HA crystal lattice 20) have been previously reported and it is difficult to exclude these mechanisms using the data obtained from this study. The inclusion of carbonate ions might also affect these mechanisms, and more research needs to be carried out to examine the mechanism of F ¹ removal by HA.
Conclusion
AB-type CHA particles were synthesized by a hydrothermal process. The dissolution and the amount of F ¹ removed by the CHA samples were larger than that of the non-carbonated HA samples. The dissolution and the amount of F ¹ removed from pH 5 buffer solutions were larger than those at pH 7. The pseudosecond order kinetic model provides a good fit for the F ¹ removal process. The increase in the kinetic constant of dissolution decreases the kinetic constant of F ¹ removal for CHA samples with high carbonate contents in the pH 5 buffer solution.
